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| NTRODUCTI ON

It has been docunented that AE signals propagate in thin plates as
extensional and flexural plate nodes. This was denonstrated using sinu-

| at ed AE sources (pencil |ead breaks) by Gorman [1] on thin al um num and
gr/ep conposite plates and by Gorman and Prosser [2] on thin al um num
plates. Atypical signal froma pencil |ead break source which identifies

these two nodes is shown in Figure 1. AE signals fromtransverse matrix
cracking sources in gr/ep conposite plates were al so shown to propagate
as pl ate nodes by Gorman and Ziola [3]. Smth [4] showed that crack growt h
events in thin al umnum pl ates under spectrum fatigue | oadi ng produced

signal s that propagated as plate nodes. Additionally, Prosser et al. [5]
showed t hat AE signal s propagated as plate nodes in athin walled conposite
t ube.

This fact has inportant inplications for the interpretation of AE data
inthin plates, shells, and tubes. First, it has been denonstrated by Cor-
man and Prosser [2] that the source orientation can be determ ned by anal -
ysis of the plate node anplitudes. Smth [4] pointed out how this could
be used to discrimnate real AE events fromextraneous noi se events. Sec-
ond, CGorman [ 1] discussed how erroneous source | ocation coul d be obt ai ned
usi ng conventional first threshold crossing or peak arrival techniques
because of the presence of pl ate nodes whi ch propagate with different and
di spersive velocities. Such source |ocation errors were substanti ated by
Ziola and Gorman [6] and an alternative nethod for source | ocation based
on cross-correlation of the flexural node waves was denonstrat ed.

In order to apply the flexural node cross-correl ation source | ocation
t echni que, accurate know edge of the di spersion of the flexural plate node
is needed. Furthernore, it has been pointed out by Mal et al. [7], Veidt
and Sayir [8], and Dean [9] that neasurenents of flexural node di spersion
m ght be useful in determning the elastic constants of conposite plates.
In this research, nmeasurenents were nade of the flexural node di spersion
on four different conposite | amnates. The ply | ayups for these | am nates
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Figure 1 Typical AE signal in thin plate identifying extension-
al and flexural plate nodes.

were | O4g], [04,904]s, 10,90],4, and [0, 45,-45,90],.. A Fourier phase
t echni que was used to neasure the di spersion up to a frequency of 160 kHz.
on signals generated by pencil |ead breaks (Hsu-Neilsen sources).

For future applications of this source |ocation technique, it would
be nore convenient to analytically predict the di spersion behavior for a
given lamnate with known material properties rather than make experi nen-
tal nmeasurenents. The ability of existing plate theories for predicting
fl exural node dispersion was investigated. The experinentally measured
di spersion curves were conpared with theoretical predictions based on
classical plate theory (CPT) using elastic noduli calculated fromlam -
nated plate theory. The |ack of agreenment between theory and experi nent
at the higher frequencies denonstrated the [imtations of CPT for conpos-
ite materials. These are caused by neglecting the effects of shear defor-
mation and rotatory inertia. A higher order plate theory (HOPT) which
i ncludes these effects was al so used to predict the dispersion behavior
of this node. The predictions based on the HOPT were in nmuch better agree-
ment with the experinental neasurenents.

THECRY

Inthis research, two theoretical approaches were used for predicting
t he di spersion of flexural node waves in gr/ep conposite |am nates. The
first theoretical predictions were based on cl assical plate theory (CPT).
This is a widely used approximate theory for describing notion in thin
pl ates where the wavel ength (A) is nmuch larger than the plate thickness
(h). For flexural waves, the plate is assuned to be under a state of pure



bendi ng in which plane sections of the plate remain plane and perpendi c-
ular to the mdpl ane of the plate. Thus, shear deformationis not included
inthis theory. A state of plane stress is al so assuned and the effects
of rotatory inertia are neglected. A nunber of authors have presented CPT
indetail including Gaff [10] who derives the equation of notion for iso-
tropic materials and Whitney [11] who i ncl udes the effects of ani sotropy.
The CPT equation of notion for an orthotropic conposite lamnate in the
absence of body forces is

4 4 4w 94w 94w 92w

where the O;'s are the anisotropic bending stiffness coefficients

obtai ned fromlam nated pl ate theory as descri bed by Witney [ 11] or Tsai
and Hahn [12]. |In the previous equation, wis the displacenent along the
z axis or normal to the plane of the plate, x and y are orthogonal axes
in the plane of the plate, and p is the density.

The di spersion behavior for the flexural node using CPT is obtained
by substituting the displacenment for a plane wave propagating in an arbi -
trary direction into the equation of notion. This displacenent is of the
form

W = Aoei((l)t—klxx—klyy) Eq- 2

where A is the anplitude, o is the angular frequency, |, and |, are the
direction cosines of the direction of propagation, and k is thé wavenum
ber. After substitution and reduction of terns, the resulting CPT dis-
persion relation is found to be

S
Cf =4 b—h/\/(D Eq 3
where c¢ is the velocity of the flexural node and

S =D l¢+ 4D16l)§ly +2 (D, +2Dg) lflg + 4D261Xl$ + Dzzl;‘ : Eq. 4
Thus, in CPT, the velocity is dependent on the direction of propagation

and i ncreases as the square root of the frequency without Iimt.

The second theory used to predict the dispersion was a higher order
plate theory (HOPT) which includes the effects of shear defornmation and
rotatory inertia. This theory was put forth by Tang et al. [13] foll ow ng
earlier work by Yang et al [14] which was an extension of work by Mndlin
[15]. The dispersion behavior for a symmetric orthotropic |am nate pre-
dicted by this theory is obtained when the determ nant of the follow ng
matrix of coefficients is set equal to zero
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In Eq. 16, the x; are shear correction factors which were determned to

yield the best agreenent with three dinmensional elasticity theory when

Ki2:5/6. The subscript | referstothel’th layer of the | amnate and the



Q; are the stiffnesses for the |'th layer. Solving the determ nant for
t he wavenunber as a function of w yields a cubic in k2, Only the root
whi ch approaches zero as the frequency approaches zero is the correct
root. Once k as a function of wis known, the phase velocity is determ ned
as a function of frequency using the relation

¢ = Eq. 17

w
k
EXPERI MENT

The conposite amnates used in this study were nmade of AS4/3502
graphite/epoxy. Al four |amnates consisted of sixteen plys and had a
nom nal thickness of 2.26 mm The di nensions were 0.508 m along the x
direction (O degree ply direction) and 0.381 m along the y direction.
Measur enents were made al ong the O degree (x direction), 45, and 90 degree
directions for all four lamnates. The nomnal |am na properties for this
material as obtained fromthe manufacturer are given in Table 1. These
val ues were used in the lamnated plate theory cal culations to obtain the
bendi ng stiffness coefficients needed for the CPT and HOPT di spersion cal -
cul ati ons.

Lami na thickness = 1.413 X 10°%4 m
Density = 1550 kg/ nt Fi ber vol une = 60%

Qy = 145.5 GPa. Q, = 2.91 GPa  Q, = 9.69 GPa Qg = 5.97 GPa

Table 1 Lam na properties of AS4/ 3502 graphite epoxy.

A Fouri er phase techni que was used for the neasurenent of the flexural
node di spersion. This techni que has been descri bed by a nunber of authors
i ncl udi ng Sachse and Pao [16], Pao and Sachse [17], Veidt and Sayir [8],
Dean [9], and Alleyne and Cawey [18]. In this technique, the elastic
wave is detected at two different di stances away fromthe source of the
wave along the direction of propagation of interest. The phase (¢) of
the wave at each position at a given frequency (f) is determ ned by per-
formng a Fourier Transformon the signals and conputing the phase. The
phase nust be unw apped to renove the 2nm uncertainty. The phase differ-
ence (Ag) over the distance between the two transducers (Ax) is then com
put ed for each frequency. The wave nunber and vel ocity are then cal cul at ed
at each frequency by

k() = A2 Eq. 18

and
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The experinmental setup used for these experinments is shown in Figure
2. The two receiving sensors were Pananetrics 3.5 Miz broad band ultra-

c(f) =

Eq. 19
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Figure 2 Experinmental setup for flexural velocity neasurenents
in conposite plates.

soni ¢ transducers. These sensors have been shown by Prosser [19] to pro-
vide flat frequency, displacenent sensitivity response to these | ow
frequency plate waves. The trigger sensor was a Physical Acoustics Cor-
poration (PAC) nodel R15. The preanplifiers (PAC nodel 1220A) were set
at 40 dB anplification with no filtering. The source was a pencil |ead
break repeated with the transducers at separations of 1.91, 2.54, 3.18,
3.81, and 4.45 cm An average velocity and standard deviation for the
five different neasurenents was conputed. The source and receivers were
kept as nearly in the center of the plate as possible to mnimze refl ec-
tions. The waveforns were digitized at a sanpling frequency of 1 MHz with
a LeCroy 6810 transient recorder and then transferred to a personal com
puter for processing.

Prior to conputing the FFT to determ ne the phase, the higher fre-
guency extensi onal node and the refl ections arriving later inthe flexural
node were zeroed out in the conputer. Previous Fourier analysis of the
fl exural node signals when digitized at nmuch hi gher sanpling frequencies
(100 MHz) showed t hat the maxi numfrequency conponent in the flexural node
was about 200 kHz. Thus, aliasing was not a concern even at the | ow sam
pling frequency of 1 Miz.

RESULTS AND DI SCUSSI ON

The average neasured velocities for the 0, 45, and 90 degree direc-
tions in the [0;6] graphite epoxy plate are plotted in Figure 3 to Figure
5 with the standard deviation of the neasured val ues indicated by error
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bars. The predicted vel ocity di spersion curves for CPT and HOPT are al so
shown i n these plots. The agreenent between neasurenent and HOPT i s excel -
lent for the 90 degree propagati on direction. For propagation at 45 and O
degrees, the neasured values are consistently |l ess than those predicted
by HOPT. The discrepancy in the HOPT predicted and neasured velocities
at 0 and 45 degrees was believed to be caused by differences in actual
mat eri al properties fromthe nom nal ones used in the cal culations. This
is common for these naterials and is due to fiber volune variations, cure
processing variations, and variations in resin chemstry. These discrep-
anci es were consistent wth differences in predicted and neasured exten-
sional velocities for these sane plates reported by Prosser [19].

The effect of shear and rotatory inertiais clear when the CPT and t he
HOPT are conpared in these plots. CPT and HOPT are in agreenent at very
|l ow frequencies in all cases where the approxi mations of CPT are valid.
The di screpancy between the two i ncreases with i ncreasing frequency as the
vel ocity predicted by CPT increases w thout bound.

It is also apparent that the difference between HOPT and CPT i s nuch
greater for the 0 and 45 degree directions than for the 90 degree direc-
tion. This is expected since the shear nodulus is nuch smaller in com
parison to the Young's nodulus in those directions. CPT is based on the
assunption of no shear deformation which inplies an infinite shear nodu-
lus. Thus, better agreenent is provided by CPT when the ratio of the shear
nmodul us to the Young’'s nodulus is |arger.
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A plot of the neasured velocities and the HOPT predictions for the

[0,90] 45 plate is shown in Figure 6. In order to better viewthis com
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Figure 6 Measured and HOPT theoretical flexural dispersion for

0, 45, and 90 degree propagation directions in
[0, 90] 45 graphite/epoxy plate.

pl i cated graph, the CPT predictions and t he experi nmental uncertainties are
not shown in the plot. In this plate, the measured velocities were | ess
than theoretical predictions for all three directions of propagation.
However, the nmeasured and theoretical velocities occurred in the sane
order with the O degree velocity being the |argest, followed next by the
90 degree velocity, and with the 45 degree velocity the snmallest. The
results for the other two lam nates were simlar with the neasured vel oc-
ities consistently | ess than predicted by HOPT. This again seens to indi-
cate that the actual material properties are |less than the nom na
properties used in the theoretical calculations.

In summary, a Fourier phase techni que was used to neasure the disper-
sion of the flexural plate node in four conposite | am nates. CPT was shown
to be of limted value in predicting the dispersion of this node because
it assunmes that the effects of shear deformation and rotatory inertia are
negligible. HOPT, which includes these effects, gave nmuch better agree-
ment with the nmeasured val ues. However, there was a consistent discrep-
ancy between theory and experinment believed to be due to variations in
actual material properties fromthose used in the calculations. Thus,
HOPT | ooks prom sing for predicting the dispersion behavior of the flex-
ural node for use in the cross-correlation source |ocation technique.



However, accurate material properties are needed. |f these are not known,
an experinmental technique for nmeasuring this dispersion has been pre-
sent ed.
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